he USDA Forest Service (FS) uses backpack (knapsack) and utility vehicles (UTVs) for spot and roadside spraying in federal lands throughout the U.S. In some countries in the rest of the world, these sprayers are the prime application technique for crop protection, especially for smallholder farmers. Apart from the benefits of appropriate pesticide use in agriculture, spray drift presents a danger to not only the applicator but also the environment, a danger that is rarely considered in these applications but nonetheless always present. Recent studies, for example, address pesticide practice with knapsack spraying (Snelder et al., 2008; Garcίa-Santos et al., 2015) .
As part of the effort to meet the requirements of the National Environmental Policy Act (NEPA, 1969) , federal land managers are required to assess the risks of all pesticide use on federal lands. The FS responds to NEPA by producing formal risk assessments. A recent field study (Thistle et al., 2017) collected data to characterize such risks with regard to backpack and UTV spraying. This article summarizes the development of a computer model to predict these data and thereby support applicable future FS risk assessments.
APPROACH
Backpack and UTV spraying often involves a single nozzle, releasing spray droplets as the applicator either walks with a handheld spray wand, often walking into the spray, or drives a utility vehicle with a spray nozzle positioned at the rear. It may be seen that a model that computes spray application from a single nozzle represents a significant departure from a model (such as AGDISP) that computes spray application from multiple nozzles on a spray boom. Obvious differences between these two application approaches include spray release height, forward speed, and the importance of initial droplet velocity exiting the nozzle. The deposition from multiple nozzles on a spray boom (aerial and ground) overlaps to produce a near-uniform ground deposition pattern beneath the nozzles. With a single nozzle, the geometry of the spray pattern is important, as more spray material deposits down the centerline of the nozzle.
The Lagrangian approach developed for the aerial application module in AGDISP (Bilanin et al., 1989; Teske et al., 2003) tracks the motion of spray droplets released from nozzles on a spray boom, with one droplet released at the centerline of each nozzle for every droplet size in the drop size distribution. This modeling approach has been adapted here for a single-nozzle application, releasing multiple droplets uniformly across the nozzle exit spray cross-sectional shape.
In their simplest form, the equations governing the mean transport of a released droplet are:
where t is time (s), X i is the location of the droplet (m), V i is the droplet velocity (m s ), and τ p is the droplet relaxation time (s):
where D is the droplet diameter (μm), ρ is the droplet density (kg m -3
), C D is the droplet drag coefficient (nondimensional), and ρ a is the air density (kg m -3 ).
Even though droplets are released close to the ground, droplet evaporation is included in the model for completeness. The evaporation model follows the diameter-squared law of Trayford and Welch (1977) , with an extension for the recent addition of droplet cloud effects:
where D O is the initial droplet diameter (μm), a = 0.223 and b = 0.314 are evaluated from recent evaporation tests (Teske et al., 2018) , and τ e is the evaporation time scale of the droplet (s):
where λ is the evaporation rate (μm ) is assumed to follow a logarithmic profile:
where V r is the horizontal velocity (m s -1
) at the reference height z r (m), z is vertical distance (m), and z o is surface roughness (m). With a linear integral scale of turbulence (Λ = 0.65z), the turbulence level (Donaldson, 1973; Lewellen, 1977) 
Droplet trajectories are followed from their release at the nozzle until they either deposit on the ground or move beyond the downwind plane of interest. This modeling approach was vetted against the extensive Spray Drift Task Force aerial field data (Teske et al., 2002) .
METHOD
Field trial conditions are summarized in tables 1, 2, and 3. Backpack spraying was conducted with a Solo 425 piston pump sprayer; UTV spraying was conducted with a King's KS50P6, 189 L high-volume turf and tree sprayer skid mounted on a John Deere Gator. The applicable droplet sizes (D v0.1 , D v0.5 , and D v0.9 in μm) were provided by A. J. Hewitt for the XR-11003 and B. K. Fritz for the Boominator 1400FM (personal communications, 2017) . Drop size distributions were developed with the use of the upper limit log normal function (Mugele and Evans, 1951) . A crosswind direction was assumed for all simulations (wind direction was not recorded during the field study). Surface roughness was assumed to be 1/30 of the measured grass height of 0.15 m, or 0.005 m. In tables 2 and 3, wind speeds were recorded at a height of 2.3 m in trials 1 to 10 and at a height of 2.0 m in trials 11 to 20. Temperature and relative humidity were recorded at a height of 2.0 m in all trials. The values shown here were duplicated from Thistle et al. (2017) , while the wind speed values were added from an Excel spreadsheet provided by co-author HWT. The field study was conducted at an altitude of 975 m a.s.l., or an atmospheric standard pressure of 901.47 mb.
The spray release heights and swath widths shown in table 1 vary slightly from values found in Thistle et al. (2017) . The release heights were corrected from an original estimate of 0.80 m for both backpack and UTV from project notes recorded by co-author GJK. Swath widths were observed visually by Thistle et al. (2017) but were deduced from the nominal spray angle of 110° for the XR-11003 and information from the Boominator website (www.boominator.com) identifying that a laboratory testing height of 0.91 m resulted in a spray width of 5.18 m for a full pattern nozzle, or a spray angle of 141.2°, thereby concluding that a release height of 1.07 m would result in a swath width of 6.08 m. The ideal spray exit speeds, for a discharge coefficient of C d = 1, were computed from the square root of 200 times the nozzle pressure in bar. Both nozzles were pointed straight down, as seen in the photographs in Thistle et al. (2017) . Drop size distributions are plotted in figure 1.
The trials positioned three types of deposition collectors on a grid from 6 m upwind of the application direction to 25 m downwind: Mylar sheets, water-sensitive paper (for confirmation of in-swath coverage levels), and artificial foliage. Test results were averaged for each of the trials over four collection lines placed perpendicular to the application direction (see Thistle et al., 2017 for details) .
Aircraft vortices dominate the wake flow field in the AG-DISP aerial model, such that the initial speed of the released droplets from the nozzles is unimportant to the deposition solution. For backpack and UTV spraying, no such dominant wake velocity field exists (rather, droplet motion is controlled by the nozzle exit speed and gravity). The exit speed of the droplets from the nozzle fixes the initial velocity of the droplets and generates an air entrainment velocity that perpetuates the downward movement of the droplets to the ground. To simulate spray release from a single nozzle correctly, droplets were positioned systematically across the nozzle exit, spanning the spray angle from the nozzle.
Consequently, an important parameter in backpack and UTV spraying is the initial droplet velocity from the nozzle (if this velocity is not included, none of the droplets reach the ground near the application area because of crosswind). It is generally assumed in ground spraying (Sidahmed, 1996) that:
where U exit is the droplet exit velocity (m s -1
) from the nozzle, P is the nozzle pressure (bar), and C d is the discharge coefficient (nondimensional). The nozzle discharge coefficient (C d ) must be developed from laboratory measurements. Table 4 summarizes the results of a literature search for discharge coefficients, including all available versions of XR-11002 and 11003 nozzles at pressures comparable to the spray pressure used in the field study. From these data, the average discharge coefficient is 0.85, with a standard deviation of 0.11.
The discharge coefficient for the Boominator 1400FM has never been determined, even by the manufacturer, and must be assumed here. From observations during the field trials, it was conjectured that the exit velocity from the Boominator was approximately half that of the XR-11003. Post et al. (2017) concluded from their testing that the discharge coefficient decreased with increasing pressure and increased with increasing nozzle size, but with exceptions. Thus, use of equation 8 (where C d is inversely proportional to the square root of pressure) gives a discharge coefficient of 0.33, based on the average of the two tank pressures and the XR-11003 average discharge coefficient. Variations in C d are explored in a sensitivity study later in this article.
As droplets leave the nozzle, they feel the effect of entrainment by vortices formed in the air on either side of the liquid jet. This additional downward motion was studied previously by Briffa and Dombrowski (1966) and Miller and Hadfield (1989) , resulting in the entrainment velocity W entr (m s -1 ):
.
where L is the length of the liquid sheet (m), h is the distance (m) below the nozzle, and C entr is a modeling constant (nondimensional). Miller and Hadfield (1989) determined that the best agreement with their ground sprayer data gave C entr = 0.88. The parameter L (the distance traveled by the sheet before breaking into droplets) has been studied occasionally and depends on nozzle pressure, nozzle design, spray liquid involved, and the defined "edge" of the sheet and the beginning of the droplets. L is known to be sensitive to nozzle angle, orifice size, nozzle type, and liquid viscosity. From the data summarized in table 5, the presumed average liquid sheet length for the XR-11003 nozzle was 5.6 cm, with a standard deviation of 1.5 cm. A length of 10 cm was assumed for the Boominator 1400FM. Variations in L are also explored in the sensitivity study. Equation 9 was developed for fan nozzles and is assumed to be approximately correct for the Boominator 1400FM. Table 5 also includes spray angle measurements, although the values shown in table 1 will be used in the analysis.
Equation 9 models the entrainment velocity generated by flow from a stationary nozzle. In the field applications discussed here, the nozzle continues to move along the application line, no longer providing droplet downwash from the nozzle at its earlier locations, and suggesting that the entrainment vortices decay quickly. These vortices are disrupted by the movement of the backpack applicator walking through the released spray, and by the bluff body effects directly behind the UTV sprayer (the generation of weak wake vortices). With the XR-11003 nozzle pointed straight down, the backpack applicator walks through the spray as it hits the ground, disturbing the spray and its entrainment velocity field. Similarly, the bluff body effect behind the John Deere Gator almost immediately generates low-velocity symmetrical vortices (Khalighi et al., 2001 ) that quickly disrupt the entrainment flow field. For the data analyzed here, and given the possible interference of the entrainment velocity by the applicator or the wake of the Gator, it was assumed that the entrainment velocity fell to zero within 0.1 s after spray release.
RESULTS
Model predictions were made for each of the 20 trials reported by Thistle et al. (2017) for the test conditions summarized in tables 1, 2, and 3. Consistent with the presentation approach in Thistle et al. (2017) , which included plots of the data for all of the meteorological conditions tested, only the averages of these predictions were compared with the averages of the two sets of trial data. Model comparisons are plotted in figures 2 and 3 for the XR-11003 and Boominator 1400FM nozzles, respectively. Plotted with the backpack data and model prediction are the test results from Holterman et al. (1997) for XR-11002 and XR-11004 nozzles (identical deposition patterns) and from Garcίa-Santos et al. (2015) for a knapsack sprayer with a high-discharge hollowcone nozzle. Plotted with the UTV data and model prediction are the all-terrain vehicle (ATV) data measured by Kees (2008) under similar testing conditions.
The goal of the data collection and modeling was to develop a conservative model for simulating the drift from these two application techniques. It may be seen from figures 2 and 3 that the model results tend to bound the data, especially at downwind distances greater than 10 m. As noted by Thistle et al. (2017) , the deposition levels measured on the Mylar cards required a correction for mass balance, yet still recovered somewhat lower deposition levels than the deposition levels measured with the artificial foliage (whose mass accountancy was within expected error bars).
DISCUSSION
The results shown in figures 2 and 3 indicate that the model does not predict deposition on the upwind side of the spray release location, but the downwind deposition bounds the data collected by Thistle et al. (2017) for the artificial foliage collectors. The model behavior is also consistent with the data collected by García-Santos et al. (2015) out to 20 m (backpack) and by Kees (2008) out to the extent of his data. Because of the low spray release height and atmospheric conditions during the tests, evaporation played no role in the behavior of the released droplets, accounting for an average evaporation of only 0.75% of the volatile mass. 
MODEL ACCURACY
Model accuracy for spray collection on the artificial foliage can be suggested by the ratio of the predicted deposition at the six test locations (4, 6, 8, 10, 15, and 20 m downwind) to the peak data collected at these locations, as shown in figure 4. It may be seen that the model tends to match the data between 5 and 10 m but underpredicts the data farther downwind.
Model predictions beyond 10 m are the result of the impaction of released droplets captured by the crosswind and carried downwind. The extension of these predictions to downwind distances beyond those tested can be made by fitting the data to exponential functions (the same approach used to extend deposition predictions in AGDISP). Applying this approach to the two sets of data resulted in the following expressions for estimated deposition level in fraction of applied (FOA, nondimensional) 
where Y is the downwind distance (m). By contrast, an AG-DISP prediction of the deposition from a typical aerial application at a release height of 3 m does not reach a fraction of applied of 0.0001 until 2 km downwind. That same level is achieved by 31.5 m for backpack spraying and by 32.6 m for UTV spraying.
MODEL SENSITIVITY STUDY
Because most of the deposition occurred near the spray nozzles (due to the spray release height), the total deposition out to 10 m was the variable of interest in the sensitivity study. Comparisons were made by considering the effect of changing one variable at a time, comparing the logarithm of the base model result (the inputs used to generate figs. 2 and 3) to the logarithm of the changed variable result. This approach emphasized the differences in deposition values that were close to the total amount deposited and made lower deposition values as important as higher ones. The results (ten trials each for backpack and UTV) for the variables considered are shown in table 6. For example, a decrease of 10% in wind speed (the ten numbers shown in table 2 for the backpack) resulted in an 18.9% average increase in total deposition out to 10 m downwind.
As with sensitivity studies for aerial application (Teske and Barry, 1993) , wind speed, release height, and drop size distribution (nozzle pressure) are most significant, increasing deposition out to 10 m (above the base model results) with a decrease in their values, and decreasing deposition with an increase in their values. Decreasing wind speed increases the likelihood that more spray droplets deposit closer to the nozzle, while increasing wind speed moves more spray droplets farther downwind. A decrease in release height brings spray droplets closer to the ground, while an increase in release height allows them to move farther downwind before depositing. A decrease in nozzle pressure increases deposition, as larger droplets are formed and deposit closer to the nozzle, while an increase in nozzle pressure decreases deposition, as smaller droplets are formed and drift farther downwind before depositing. Finally, an increase or decrease in the discharge coefficient and sheet length causes minimal changes to the deposition. These results appear consistent with previous aerial and ground model predictions.
CONCLUSIONS
Deposition predictions based on a simplified droplet trajectory model have been shown to compare favorably with data of spray material released from single-nozzle backpack and UTV sprayers. This article highlights this comparison and suggests that the model can be used for a quick estimate of deposition and drift potential from pesticide applications by either approach. 
